Abstract -Introduction. Iranian almond germplasm is regarded as one of the most diverse and valuable genetics resources for almond improvement. Materials and methods. In the present study, 155 almond genotypes were evaluated to determine the overall degree of variation and to detect superior trees. The variation was observed for traits related to phenology, morphology, yield and fruit quality. Results and discussion. Nut and kernel traits contributed most of the total variation but there were also significant differences in flowering and ripening times. The majority of important correlations were determined between the characteristics representing nut size and kernel size. Cluster and principal component analyses confirmed considerable diversity in the studied germplasm. Conclusion. Genotypes MSh11, MSh100, MSh97, MSh24 and MSh126 were the best trees in terms of flowering season, consistently high fruit set, large nut and kernel size, and low percentage of double kernels. Furthermore, genotypes MSh9 and MSh110 were very late flowering and could be useful in breeding to improve flowering season of almond. 
Introduction
Almond (Prunus dulcis L.) is one of the most important nut crops in the world [1] . The marketed product is the edible seed (the kernel), which is used for direct consumption and for baked products and confections [1, 2] . The cultivated almond was probably domesticated during the 3 rd millennium BC. Two
Corresponding author: akhadivi@ut.ac.ir, a-khadivi@araku.ac.ir ecotypes have evolved over time: Mediterranean and Central Asian [3, 4] . Numerous related wild species are also found growing in the mountains and deserts of Central Asia from western China through Iran and Turkey [1] . These native almond species are utilized for oil extraction, soil erosion control, reforestation, rootstocks, and as a source of novel genes in breeding programs [5] .
Local and foreign cultivars and clones are grown in Iran and, because of almond short juvenile phase, sexual propagation is still being used by local growers. Accurate characterization of almond seedling cultivars and rootstocks is essential for the identification of clones that will guarantee uniformity [6] of commercial orchards.
Morphological characterization of germplasm collections is the reference for plant breeders wishing to utilize the germplasm in their programs. Characterization of morphological traits is also essential to document and study the genetic diversity within the collection, which can facilitate the establishment of core collections that fully represent the diversity of the collection [7, 8] .
Revealing the genetic diversity of germplasm collections has mainly been based on traditional multivariate statistical analyses, such as hierarchical cluster analysis, principal component analysis, and multidimensional scaling, usually using horticultural or agronomic data [9] . As a place of origin of the almond, the genetic diversity of almond germplasm in Iran has been widely investigated by the use of hierarchical and principal component analyses [10] [11] [12] . Iranian almond germplasm is regarded as one of the most diverse and valuable of almond genetic resources in the world.
In this study, we evaluated 155 genotypes over two consecutive years with the objectives of: 1) evaluating the phenotypic variation of 42 interesting horticultural and morphological traits and their relationships; 2) studying the extent of morphological variation amongst the studied germplasm; and 3) selection of superior genotypes of interest to moderate vigour, flowering time (extension of the blooming season) and improve kernel yield (both quantity and quality).
Materials and methods

Plant materials
A total of 155 almond accessions from a collection in Karaj, Iran were evaluated over two seasons. Karaj city is located in Alborz province, at 35
• 56 30"N latitude, 50
• 58 10"E longitude and 1312 m above the sea level with an annual average temperature of 13.8
• C and an annual average precipitation of 260 mm. General orchard management, including irrigation, nutrition, pest and disease control, was consistent with local commercial practices. At the beginning of the study (2010), the trees were eight years old, healthy, and had a full crop.
Morphological evaluation
During two growing seasons, 42 morphological characters were studied using the almond descriptors developed by the International Plant Genetic Resources Institute (IPGRI) [13] (table I). Measurement of each nut and kernel trait was based on the mean value of 10 samples. Weight of fruits, nuts and kernels was measured by an analytical balance with high precision (0.01 g). Traits such as tree growing habit, tree vigour, leaf density, fruit shape, kernel color and kernel taste were rated and coded according to the IPGRI almond descriptor. Horticultural traits evaluated included flowering date (50% flowers completely open evaluated from March to April and classed as relatively early, normal, late and very late within this period) and ripening date (evaluated from end of July to end of September and classed as early, middle, late and very late within this period). Five cultivars including Mamayi, Sefid, Azar, Shahrood12 and Tardy-Nonpareil were used as controls for checking flowering time.
For those traits that can be affected by environmental conditions from year to year, the data resulting from the twoyear study were pooled and the average values were used for statistical analysis. Analysis of variance was performed for all morphological traits by SAS software version 6. Relationships among genotypes were investigated by multivariate analysis of variance (principal component analysis, PCA) using SPSS statistics software version 16 (SPSS Inc., Chicago, IL, USA). The correlation between all variables was also evaluated using Pearson's correlation coefficient using SPSS. Euclidean distance coefficient for pairs of entries (i.e. genotypes) was computed using NTSYSY-pc (Numerical Taxonomy and Multivariate Analysis for personal computer) software program version 2.00. To better understand the patterns of variation among genotypes, distance matrix generated from morphological data was used as input data for cluster analysis based on unweighted pair-group method of arithmetic average (UPGMA). Scatter plot of the first two principal components was created by PAST statistics software [14] .
Results and discussion
The analysis of variance revealed that all traits showed large differences, indicating a high level of morphological variation in the 155 genotypes. Therefore, this variability can be used either in cultivar selection for orchards or parent in breeding programs. This was confirmed by the relatively high coefficient of variation (CV) values established for traits. Among the measured traits, the highest levels of variation were found for ease of hulling (CV = 89.7%) while fruit pubescence showed the lowest differences (CV = 15.9%) among the genotypes. This degree of variability is similar to that found by Zeinalabedini et al. [11] who reported a range of 5.9 to 76.1% for CV for morphological traits in almond germplasm. In our study, we found good genotype candidates for extending the blooming season, moderating vigour and improving fruit quality.
The majority of the genotypes were characterized by a spreading growth habit and strong tree vigour, in agreement with findings of Zeinalabedini et al. [11] and Colic et al. [15] . Leaf density of most of the genotypes was high. Results of the full bloom date assessment showed that these genotypes had significant differences in bloom date, ranging from March 16 to April 9, showing six groups based on flowering date including early, middle, middle-late, late, late to very late and very late within this period. In comparison to the control cultivars, most of genotypes were middle-late flowering. Genotype MSh85 was the earliest to bloom, flowering in middle March and likely having the lowest chilling requirements among the studied genotypes. The latest genotype to bloom was MSh110, flowering on April 9. Also, genotype MSh9 was late to very late flowering. Given that frost resistance is a major breeding goal in many production areas owing to cultivated almond very early flowering time. The possibility of using these genotypes (MSh110 and MSh9) with a late to very late flowering date as It would also allow more efficient use of increasingly scarce insect pollinators [16] . It should be noted that flowering date is not strictly dependent on chilling requirement. Also, there were large variations in ripening date (end of July to end of September) between the studied genotypes. In most genotypes, the flower buds were mainly on spurs, whereas distribution was mixed in some genotypes, in agreement with findings of Zeinalabedini et al. [11] and Colic et al. [15] . The dominance of genotypes with light pink petal color was observed, while some of them had white flowers. Most of the genotypes had intermediate flower size. In terms of bloom density, the genotypes were classified into four categories with most having high density. Oblong nut shape, intermediate shell color intensity, intermediate marking of the outer shell, and semi-hard shell were observed in most genotypes. Slightly wrinkled kernel shriveling was dominant and agreed with results of Zeinalabedini et al. [11] and Colic et al. [15] . Kernel pubescence was low in most genotypes. Kernel taste was predominantly sweet. One genotype showed a high percentage of double kernels (MSh35).
Nut weight varied from 1.28 to 9.23 g. Colic et al. [15] reported nut weight with a range of 2.53 to 6.00 g for almond.
In the present study, kernel weight ranged between 0.46 and 2.28 g. Zeinalabedini et al. [11] recorded kernel weight from Determining relationships between various traits can help breeders set goals for parental partner selection and breeding [10] . Strong correlations were observed between many of the studied traits (table III) . Tree canopy was correlated with tree height, tree vigour, growth habit, branching habit and leaf density which corresponds with results obtained by others [10, 12, 17] . The existence of close correlations between leaf density and canopy size indicates that more leaves lead to stronger aerial growth. This correlation could be considered as a relevant relationship for selecting vigorous rootstocks suitable for dry environments where strong growth is needed at the beginning of the seasonal life cycle to induce and maintain appropriate vigour in scion, and also for reaching to an appropriate size for budding and/or grafting as soon as possible in nurseries [12] . The flowering date was highly and positively correlated with nut and kernel weights, in agreement with findings of Zeinalabedini et al. [11] . This could be interpreted as the tendency of late-season cultivars to have heavier and well-filled nuts and kernels. Furthermore, a positive correlation was observed between nut weight and kernel weight (r = 0.60) which is in accordance with the findings of others [10, 11, 17, 18] . On the basis of the strong positive correlations among nut and kernel traits, it could be concluded that these characters have an equal effect on determining cultivar cropping potential. In addition, shell hardness was negatively correlated with nut weight (r = −0.63) which is in agreement with former results [11, 19] .
A strong negative correlation was observed between shell hardness and the kernel-to-shell weight ratio, agreeing with findings of Zeinalabedini et al. [11] . This result indicates that soft-shell cultivars have a tendency to bear larger kernels (with more kernel than shell). Also, kernel pubescence showed a high positive correlation with wrinkled kernel shriveling (r = 0.50) and a moderate correlation with shell hardness (r = 0.17). A close relationship between traits could facilitate or hinder gene introgression since strong selection for a desirable trait, could favor the presence of another desirable trait from this population [11] .
Principal component analysis (PCA) was used to identify the most significant traits in the data set. The aim of PCA is to reduce the number of traits used to discriminate genotypes [12] . Previously, PCA has been used to establish genetic relationships among cultivars and genotypes, to study correlations among tree traits and to evaluate germplasm of different Prunus species [10, [20] [21] [22] [23] [24] . Factor loading values greater than 0.65 were regarded as significant. Thus, PCA put all the traits into 14 components which explained 71.85% of total variation. The first three components explained 29% of the total variability observed (table IV). The first component, which accounted for 11.11% of total variation, featured nut weight, kernel weight/nut weight, nut weight/fruit weight, suture opening of the shell, ease of hulling, and shell hardness. The second component, which explained 9.71% of total variation, included kernel weight, fruit weight, fruit size, nut size and kernel size. Zeinalabedini et al. [11] reported that nut and kernel weights had the highest loadings in the first two components. Furthermore, Lansari et al. [25] , who used a similar analysis to compare kernel, nut, and leaf characters in different almond collections, found that the variables contributing to nut and kernel size were more important than leaf traits. This indicates that these traits are not only useful for assessment of diversity but also for characterization of almond germplasm. The third component, featuring 8.18% of total variation, included tree characters (tree canopy, tree height, and tree vigour) with the highest factor loadings. This contrasts with the findings of Nikoumanesh et al. [12] who found that the most important discriminating characters for their almond germplasm were characteristics related to leaf and tree. The remaining components (PC4-PC14) explained less variability (42.85% of total variance) and included other variables. On the other hand, seven traits including fruit shape, fruit pubescence, shell color intensity, growth habit, leaf density, leaf serration shape and location of flower buds showed low variation among the studied genotypes and were not placed in PCs. Table III . Bivariate correlations between some of the morphological traits in the studied almonds. * Correlation is significant at the 0.05 level. ** Correlation is significant at the 0.01 level. Hierarchical UPGMA cluster analysis allowed the assessment of similarity or dissimilarity and clarified some intraspecific relationships in the studied almond germplasm. A dendrogram was produced with four clusters. The first cluster included most genotypes (146 genotypes). This cluster was divided into nine subclusters, so that genotypes showed variation. The second cluster consists of one genotype (MSh85) and the third cluster contained four genotypes (MSh11, MSh24, MSh62 and MSh126). Also, four genotypes (MSh70, MSh96, MSh97 and MSh100) were placed in the fourth cluster and showed the highest differences from other genotypes.
The scatter plot shows the distribution of almond genotypes on the PC1 and PC2 plots and the geometrical distances among genotypes that reflect their relationship in terms of phenotypic resemblance and morphological characteristics ( figure 1) . Most of genotypes (149 genotypes) were placed into group A. Group B consists of three genotypes (MSh11, MSh24 and MSh126). The two genotypes (MSh97 and MSh100) are in group C and MSh143 into group D.
Proceeding from positive to negative values of PC1, genotypes were characterized by lower shell hardness and lower nut weight. Genotypes MSh73, MSh146, MSh142, MSh143 and MSh85, with a high negative value on PC1, had the lowest shell hardness, the smallest nut (1.28−1.61 g) and the highest splinting in shell.
Proceeding from negative to positive values of PC2, almond genotypes showed a general increase in fruit, nut and kernel weight and size. Genotypes MSh11, MSh100, MSh97, MSh24 and MSh126 had the most positive values on PC2 due to their large nuts and kernels. The nut and kernel weights for genotype MSh97 were 9.23 and 2.26 g, and 6.35 and 2.28 g for MSh11 genotype which represented the maximum values for these two characters. According to their position on the scatter plot ( figure 1) , those almond genotypes with high PC2 scores could be good progenitors for increasing nut and kernel size. On the other hand, they can be considered unique and the most promising for breeding or commercial growing. Also, genotypes MSh100 and MSh97 were middle-late-flowering; while genotypes MSh11, MSh24 and MSh126 were late-flowering, thus likely to avoid spring frosts.
Almond cultivation in Iran has a long historical background and through cross pollination there are many genotypes growing in different regions of the country. These genotypes encompass a vast diversity in many characteristics such as bloom time. Almonds are among the most heterozygous fruit crops, and encompass a wide range of socio-economic benefits from nutritional to ecological ones [1] . For conservation, management, and utilization of plant materials in genebanks, information about the diversity of germplasm collections is of great importance. The success of any breeding program is highly dependent on the extent of diversity and knowledge of the behavior of desirable traits through crosses [19] . To consider these facts, in this study we used 42 morphological traits to evaluate variation in 155 almond genotypes at phenotypic levels. Our results showed that nut and kernel traits are suitable for characterization of almond germplasm and could appropriately separate our samples into distinct morphological groups. Corresponding with our findings, other authors [10, 11, 17, 18] showed morphological evaluation to be an efficient tool for characterization of almond germplasm and for species distinction. Moreover, in a recent study on sour cherry variability [24] , fruit characteristics could clearly discriminate among samples.
Conclusions
The knowledge of floral biology, leaf properties and fruit attributes of the genotypes studied here could be useful to choose the appropriate ones to be grown under different climatic conditions or used as parents in future breeding programs. Genotypes MSh11, MSh100, MSh97, MSh24 and MSh126 were superior in terms of consistent high fruit set percentages, large nut, large kernel, and low percentage of double kernel and can be singled out for cultivation. Furthermore, genotypes MSh9 and MSh110 were very-late flowering and could be useful as a parent to improve flowering season of cultivars.
